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with a polypurine RNA strand: d(TTCTTBr5CTTC)–r(GAAGAAGAA)
Yong Xiong and Muttaiya Sundaralingam*
Background:  DNA–RNA hybrids are substrates for RNase H. This enzyme
catalyzes the hydrolysis of the RNA strand in the hybrid form. The polypurine
tract (PPT) in human immunodeficiency virus 1 (HIV-1) is a short stretch of
purines (~15 bases) located at the 3′-end of the U3 region of the RNA genome.
The PPT has the unique ability to resist digestion by RNase H and serves as a
primer for plus-strand DNA synthesis.
Results:  The crystal structure of a DNA–RNA hybrid duplex containing a
polypurine RNA strand, d(TTCTTBr5CTTC)–r(GAAGAAGAA), has been
determined at 1.8 Å resolution. The structure was solved by molecular
replacement methods and refined to a final R factor of 20.1% (R free 23.7%).
The hybrid duplex adopts a standard A-form conformation. All of the sugar rings
and glycosidic torsion angles are found in the standard C3′-endo/anti
conformation, as seen in A-RNA or A-DNA. The crystal packing is dominated by
the DNA strand, where the terminal base pairs of the hybrid abut the
neighboring A-DNA sugar–phosphate backbone on the minor groove side.
Conclusions:  The present DNA–RNA hybrid duplex containing a polypurine RNA
strand exhibits standard A-form geometry. This observation might suggest that the
RNA PPT resists the RNase H activity of HIV reverse transcriptase as a result of
its A-form conformation. In addition, there appears to be a correlation between the
percentage purine content of the RNA and the DNA backbone conformation.
Introduction
DNA–RNA hybrid duplexes have crucial roles in several
important biological processes. Such duplexes occur as
Okazaki fragments in DNA replication, and serve as inter-
mediates in transcription and in the synthesis of retroviral
cDNA by reverse transcription. Hybrid formation has
also been recognized as a promising gene therapy in anti-
sense technology. Hybrid duplexes are substrates for
both the ubiquitous enzyme RNase H and for reverse
transcriptase, which has the RNase H function. These
enzymes catalyze the hydrolysis of the RNA strand only
in the hybrid form [1]. The fact that RNase H shows
little sequence specificity leads to the belief that the
three-dimensional structure of hybrid duplexes is respon-
sible for substrate discrimination [2,3]. The reverse tran-
scriptase of human immunodeficiency virus 1 (HIV-1)
contains an N-terminal polymerase domain and a C-ter-
minal RNase H domain [4,5]. During reverse transcrip-
tion, the RNase H domain hydrolyzes the RNA strand in
the DNA–RNA duplex, however, the RNA polypurine
tract (PPT), which serves as a primer for the synthesis of
plus-strand DNA [6], is not degraded. Although the PPT
sequence is highly conserved among retroviruses, muta-
tion studies indicate that changing the PPT sequence
has no apparent effect on RNase H activity towards the
hybrid duplex [7]. Thus, the differential RNase H activ-
ity must lie in the fine structure of the helix.
Although intense investigation of the interaction between
hybrid duplexes and reverse transcriptase has been per-
formed, structural knowledge of hybrids is limited. More-
over, structural information gained by various methods in
solution and in solid state do not reveal similar confor-
mational features. Early X-ray fiber diffraction studies
revealed that hybrid duplexes adopt the A-form confor-
mation [8,9]. However, later fiber diffraction results sug-
gested C2′-endo sugar puckering for the DNA strand and
a C3′-endo conformation for the RNA strand [10,11]. All
X-ray single crystal diffraction studies of chimeric duplexes
have shown that sugar puckering invariably occurs in the
C3′-endo (or A-form) conformation [12–15]. One excep-
tion to this was found in the structures of (IcICICIC)2
and (IcIcICIC)2, which were observed in the B-form
when complexed with the drug distamycin [16]. (Lower-
case letters are used here to represent RNA residues, this
convention is used throughout the paper.) NMR studies
of hybrid duplexes in solution reveal conformational dif-
ferences between the DNA and RNA strands [3,17–22].
A new H-form, characterized by O4′-endo puckering in
the DNA strand, was proposed [3], but this was later sug-
gested to be an artifact resulting from a mixture of both
C3′-endo and C2′-endo puckering [21,22]. From the first
crystal structure of the homo-RNA–homo-DNA hybrid
duplex, d(GGCGCCCGAA)–r(uucgggcgcc), the authors
suggest that “the hybrid adopts a geometry that is neither
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strictly A- nor B-form, rather the helix possesses qualities
of both, reminiscent of spectroscopic descriptions of a
hybrid conformation” [23].
In an attempt to gain more information about hybrid
structures, we have investigated the crystal structure of a
DNA–RNA hybrid duplex containing a polypurine RNA
strand, d(TTCTTBr5CTTC)–r(gaagaagaa), at 1.8 Å resolu-
tion. The hybrid duplex was found in the A-form geometry,
which might provide a clue to understanding the PPT
interaction with the HIV reverse transcriptase. The minor
groove of the present structure is wide compared to the
generally believed intermediate groove size in a regular
hybrid duplex [3]. This might account for the resistance of
the PPT to digestion by RNase H and reverse transcriptase.
Results and discussion
Helical parameters and backbone conformation
The numbering scheme for the hybrid duplex is shown in
Figure 1. The hybrid duplex adopts a standard A-form
conformation (Figure 2) with all the helical parameters
resembling those of A-DNA or A-RNA. Helical parame-
ters were calculated using the program NEWHEL92 [24].
As indicated in Table 1, the helical parameters manifest a
highly regular A-form duplex. There are 11 residues per
helical turn with an average helical twist of 31.8°, as in
typical A-DNA and A-RNA. The average rise per residue
is 2.9 Å, compared to the range 2.6–3.0 Å observed in A-form
duplexes. The base pair inclination (12.5°) falls in the lower
end of the range observed for A-form duplexes (10°–20°).
The average propeller twist is –12.7° and the displacement
of the base pairs towards the minor groove is 3.3 Å. The
minor groove width is 9.4–10.1 Å and the major groove
width is 6.4 Å; this latter measurement is not well defined
because of the limited length of the nonamer duplex, which
allows only one P–P distance measurement for the major
groove width. All of the deoxyribose and ribose rings of the
present structure are in the strict C3′-endo puckering confor-
mation with a concomitant intrastrand phosphate–phos-
phate separation averaging 5.9 Å. This is quite different to
the mixture of sugar puckerings reported in the only other
existing hybrid crystal structure [23]. Furthermore, as seen
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Figure 1
The numbering scheme for the hybrid duplex used in this study. RNA
nucleotides are shown in lowercase letters and DNA nucleotides in
uppercase.
1 2 3 4 5 6 7 8 9
18 17 16 15 14 13 12 11 10
a a g a a g a a g
T T C T T Br5C T T C
Structure
Figure 2
(a)
Structure
(b)
Structure of the d(TTCTTBr5CTTC)–r(gaagaagaa) hybrid duplex. (a) Stereoview of the final hybrid duplex superimposed on the 2Fo–Fc density
map at the 1σ level. (b) Ball-and-stick drawing of the hybrid molecule. The RNA strand is depicted in cyan and the DNA in purple.
in Table 2, the exocyclic C4′–C5′ bonds are all in the g+
conformation and correlated with the O5′–P bonds, which
are in the g– conformation. All the other backbone torsion
angles of both strands fall in the range expected for A-DNA
or A-RNA, with very small standard deviations.
Hydration and interactions involving the 2¢-hydroxyl group
in the RNA strand
A total of 56 independent solvent molecules were found to
be present in each hybrid duplex. Of these, 13 are located
in the shallow groove, double this number (26) reside in
the deep groove, and 17 are located along the sugar–phos-
phate backbone. In contrast, in some A-DNA oligonucleo-
tide crystal structures the majority of available hydrogen-
bonding sites are hydrated [25]. The hybrid duplex is not
well hydrated, especially the backbone. Despite no steric
hindrance, only 17 water molecules were found sparsely
distributed among the phosphate and sugar ring oxygens.
Around half of the total water molecules are located in the
deep major groove with no regular pattern, mainly hydrat-
ing the N7 and O6/N6 atoms of the purines and O4 of the
pyrimidines. The water molecules in the shallow groove
engage in bridging the minor groove base–backbone
interactions with symmetry-related hybrid duplexes. Thus,
there are 19 water molecules forming direct contacts with
the hybrid duplex in the minor groove. Except for the parts
screened out by abutting neighbor molecules, the available
minor groove base hydration sites are all taken by water
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Table 1
Helical parameters.
Residue Twist Rise Inclination Dx Propeller
twist
2T–a 8.7 –3.7 –8.1
3C–g 28.2 2.7 11.8 –3.5 –13.3
4T–a 28.1 3.1 11.0 –3.8 –14.0
5T–a 34.3 2.9 12.7 –3.3 –15.8
6C–g 33.4 2.8 11.0 –3.2 –14.2
7T–a 34.4 2.7 15.4 –3.0 –20.6
8T–a 33.6 3.0 14.1 –3.3 –12.9
9C–g 30.9 3.2 15.1 –2.9 –2.6
Average 31.8 2.9 12.5 –3.3 –12.7
SD* 2.8 0.2 2.3 0.3 5.3
A-RNA† 33.5 2.6 17.0 –3.6 –
A-DNA† 32.7 2.8 13.0 –3.8 –
B-DNA† 36.1 3.4 2.4 0.8 –
*SD, standard deviation. †The values are given for standard A-form
RNA [41], A-form DNA [23] and B-form DNA [42].
Table 2
Backbone and glycosyl torsion angles.
Residue α β γ δ ε ζ χ P
T2 49 87 –163 –70 198 22
C3 –72 176 62 79 –156 –75 204 21
T4 –62 172 55 80 –153 –73 208 23
T5 –69 164 62 82 –154 –72 201 17
C6 –69 170 56 85 –158 –68 203 20
T7 –71 178 56 85 –162 –69 205 15
T8 –67 179 48 83 –154 –72 211 12
C9 –76 170 68 87 210 25
Average (DNA) –69 173 57 84 –157 –71 205 19
SD* 4 5 7 3 4 2 4 4
g10 47 84 –150 –73 197 6
a11 –64 170 50 78 –141 –80 202 11
a12 –58 162 62 82 –151 –72 201 12
g13 –71 169 58 80 –145 –80 191 17
a14 –53 163 57 82 –147 –77 197 15
a15 –62 171 50 80 –142 –73 204 17
g16 –63 156 67 84 –148 –75 196 21
a17 –62 159 62 75 189 15
Average (RNA) –62 164 57 81 –146 –76 197 14
SD* 6 6 7 3 4 3 6 5
Average (overall) –66 168 57 81 –153 –74 201 17
SD* 6 7 7 4 8 4 6 5
A-DNA† –50 172 42 79 –146 –78 206 (–154)
A-RNA† –68 178 54 82 –153 –71 202 (–158)
B-DNA† –33 138 33 142 –141 –157 258 (–102)
*SD, standard deviation. †For comparison the values are given for standard A-form DNA [31], A-form RNA [31] and B-form DNA [43].
molecules (Figure 3). The easy accessibility of the shallow
minor groove hydration sites might facilitate minor groove
interactions with proteins.
The 2′-hydroxyl groups of the RNA strand make direct
or water-mediated contacts with various regions within
the duplex and are also involved in extensive inter-
molecular interactions. Intramolecular interactions involv-
ing the 2′-hydroxyl group exhibit differential preference
towards different regions of the duplex. As shown in
Figure 4, six of the nine 2′-hydroxyl groups are hydrogen
bonded directly to the O4′ atom of the next 3′ residue,
and a single water bridge is found to occur six times
between the 2′-hydroxyl group and the N3 atom of the
purine base of the same residue. In contrast, phosphate
ester oxygens O3′ and O5′ do not make any contacts with
the 2′-hydroxyl groups, which might explain the lack of
cleavage of the phosphate groups and the stability of the
RNA double helix. Direct lattice contacts are formed at
both ends of the duplex. These interactions occur between
the 2′-hydroxyl groups at the ends of the duplex and
neighboring molecules. The O2′–O2′ interactions are
found between the sugars of nucleotides at positions 18
and 13*, and 10 and 17* (where the asterisk indicates
symmetry-related molecules). In addition, the 2′-hydroxyl
group of the sugar moiety of a18 forms hydrogen bonds
with both the N3 and N2 atoms of g13. The 2′-hydroxyl
groups are also involved in extensive water-mediated inter-
actions with symmetry-related molecules.
Crystal packing
As shown in Figure 5, the hybrid crystal displays the typical
A-DNA packing, with the termini of one molecule abutting
the shallow grooves of symmetry-related molecules. In
addition, the crystal exhibits a very similar packing inter-
action to that found in the hexagonal space group P61
observed for A-DNA octamers [25]. Only the DNA strand
is targeted by two symmetry-related molecules. Each
molecule of the hybrid nonamer contacts four symmetry-
related molecules by means of stacking interactions
between terminal base pairs and minor groove sugar rings,
direct lattice contacts involving the 2′-hydroxyl groups of
the RNA strand, and via water-mediated intermolecular
interactions. The packing is such that the molecules crowd
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Figure 3
Minor groove hydration pattern (magenta balls). The symmetry-related
molecules (green balls) are shown occupying the minor groove
hydration sites.
Figure 4
Interactions involving the 2′-hydroxyl groups of the RNA strand. Yellow
broken lines indicate the 2′-hydroxyl and O4′ interaction; magenta
broken lines indicate the water-mediated interactions. Water molecules
are depicted as magenta balls.
around the 31 axis and leave wide continuous channels at
the 61 axis. In two previous cases it was found that a disor-
dered B-DNA was residing in these wide channels, within a
lattice of A-DNA [26,27]. In the current structure, the
solvent channels measure more than 25 Å in diameter,
which is large enough to accommodate a B-DNA duplex;
however, there is no evidence of a meridional reflection or
diffused spots in the diffraction diagram [26,27]. The
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Figure 5
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Structure
Intermolecular interactions. (a) Schematic representation of the crystal-
packing interactions. Boxed areas identify the contact regions; the
disordered base T1 is shown in gray. An asterisk denotes a symmetry-
related molecule. (b) Stereoview of the van der Waals contacts
(dotted surfaces) between symmetry-related molecules at the C9–g10
end of the duplex. The van der Waals radii used are C = 1.7, N = 1.6
and O = 1.5 Å. The DNA strand is shown in bold. (c) View of the minor
groove abutting interactions at the C9–g10 end of a symmetry-related
molecule (yellow). The DNA strand is shown in magenta and the RNA
strand in cyan. The missing nucleoside T1 is shown in white and
circled in red. Dashed white lines indicate close contacts. Note, only
the sugar–phosphate chain of the DNA strand is targeted. (d) Abutting
interactions at the T1–a18 end of the duplex; color coding is as in (c).
Base T1 is twisted out of the minor groove.
volume per base pair is high (1590 Å3). Nevertheless, the
crystal diffracts to a high resolution of 1.64 Å. The intercon-
nected hybrid duplexes are tightly packed and leave large
portions of the cell occupied by the solvent molecules.
A missing nucleoside emphasizes the importance of
stacking interactions
No electron density was found around the 5′-terminal
nucleoside T1 (see Materials and methods section). The
fact that the A–T base pair has one less hydrogen bond
than the G–C pair might contribute to the disorder of this
terminal base. In addition, the lowered stability at the ter-
minus of the duplex could be due to the end effect, where
the lack of stacking interactions makes the terminal base
unstable. Close inspection of the structure reveals that
base T1 is almost completely deprived of any packing
interactions if placed in the Watson–Crick position. As
depicted in Figure 6, the terminal base (a18) is sandwiched
between a neighboring deoxyribose ring of T7* and base
pair T2–a17, with good stacking interactions on either
side. The base a18 is also pushed across the center of the
base pair T2–a17, giving it a large portion of interstrand
stacking which then leaves T1 with virtually no stacking.
In addition, the base T1 twists out of the minor groove of
the neighboring molecule and leaves the upper surface
exposed (Figure 5d). Thus both sides of the base T1 are
void of stacking interactions. This structure demonstrates
the strength of stacking interactions.
Comparisons with other studies
Spectroscopic studies have suggested different conforma-
tions for hybrid DNA–RNA duplexes. However, chimeric
crystal structures exhibited a uniform C3′-endo sugar
puckering for both the RNA and DNA strands [12–15].
The recently determined homo-RNA–homo-DNA hybrid
structure [23] showed that the entire RNA strand and all
the internal residues of the DNA strand adopt the C3′-
endo sugar puckering conformation. The 3′-end and penul-
timate adenines of the DNA strand adopt the B-DNA
conformation (C2′-endo), which might be promoted by
end effects. The hybrid structure presented here is of a
polypurine-RNA–polypyrimidine-DNA duplex, where both
the RNA and the DNA strands are found to be in the
standard A-form conformation as in chimeric studies.
Hence the A-form appears to be the preferred conforma-
tion for hybrid duplexes.
When the current structure is compared with other studies
of hybrid duplexes, an interesting correlation between the
DNA sugar backbone conformation and the percentage
purine in the RNA strand is observed. It appears that the
higher the percentage of RNA purine (rR) component, the
closer the hybrid duplex is to the A-form. Studies of differ-
ence circular dichroism (CD) spectra clearly indicate that
dR–rY and rR–dY (where R is a purine and Y is a pyrimi-
dine) belong to two different structural classes, with the
later closer to A-RNA than B-DNA [28]. The rR content
of several hybrid duplexes studied by NMR [3,17–20] are
relatively low, ranging from 25% to 50%. A comparative
study of duplexes containing purine-rich or pyrimidine-
rich RNA and DNA strands by UV, CD and NMR [29]
suggested that the population of the C3′-endo confor-
mation for the deoxyribose ring increases in the order
dR–dY<dR–rY<rR–dY. Similarly, a 50% rR chimer (GGA-
GAugac) was found to adopt an overall conformation closer
to B-form than A-form, whereas a 75% rR chimer (GGagau-
GAC) was closer to A-form than B-form [30]. X-ray fiber
diffraction showed a similar trend in the correlation between
percentage rR and hybrid conformation: poly(A)–poly(u)
and poly(I)–poly(c) (both 0% rR) were found in the B-form
with C2′-endo puckered DNA furanose rings; poly(C)–
poly(g) and poly(C)–poly(i) (both 100% rR) adopted regular
A-form conformations (C3′-endo) [11]. The only exception
was poly(T)–poly(a) (100% rR), which was found with
C2′-endo DNA sugar puckers [10] and was noted as a special
situation [31]. As depicted in Table 3, the rR contents of
the chimeras used in the X-ray single crystal studies [12–15]
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Figure 6
The stacking interactions on both sides of the base pair T1–a18.
Heavy stacking interactions of the base a18 with the base pair T2–a17
and a lack of stacking interactions for the base T1 (shown in broken
lines) may provide an explanation as to why this base is ‘missing’.
(a) Stacking with the base pair T2–a17. (b) Stacking of a18 with the
minor groove sugar rings of a symmetry-related molecule. T1 does not
stack with the sugar ring and the ‘stacking’ distance between the
phosphate and T1 is larger than 6 Å. Black bonds are used to
distinguish the base pair T1–a18 from the base pair T2–a17 in (a) and
from the sugar–phosphate backbone in (b).
were very high, ranging from 67% to 100%, which might
explain the observed A-form conformation. Importantly,
the 0% rR chimeras (IcICICIC)2 and (IcIcICIC)2 were
found in the B-form conformation as expected, although it
is not clear to what extent the binding of drugs like dis-
tamycin to the minor groove is responsible [16]. In addition,
the only other crystal structure of a hybrid duplex, contain-
ing 40% rR, showed that the 3′-end sugars had the B-form
conformation (C2′-endo), where incidentally neither base
was a purine [23]. All the unliganded single crystal struc-
tures of hybrid duplexes, however, are essentially in the
A-form. As indicated in a comparative study of the crystal-
packing effects on A-DNA helix parameters [32], the con-
formation of short oligonucleotides was found to depend on
both their interactions with the environment (i.e. crystal
packing) and base sequence. Linear oligonucleotides are
prone to packing deformations in the solid state [32],
therefore caution should be exercized when relating the
observed crystal structure to base sequence. Nevertheless,
the comparisons presented here suggest the influence of
RNA PPT on the hybrid structure and, more specifically,
on the conformation of the DNA backbone. As information
about hybrid structures is too limited to reach any conclu-
sion at the present time, more extensive studies are needed
to reveal the relationship, if any, between RNA base com-
ponents (polypurine, polypyrimidine or a mixture) and the
conformation of the hybrid duplex.
Biological implications
DNA–RNA hybrid duplexes have crucial roles in several
important biological processes, including DNA replica-
tion, transcription and the synthesis of retroviral cDNA
by reverse transcription. Hybrid duplexes are substrates
for RNase H as well as for reverse transcriptase, which
has the RNase H function. These enzymes catalyze the
hydrolysis of the RNA strand only when present in the
hybrid form; however, they do not hydrolyze the poly-
purine tract (PPT) present in human immunodeficiency
virus 1 (HIV-1). The PPT is a short stretch of purines
(~15 bases) located at the 3′-end of the U3 region of the
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Table 3
Comparisons of duplex structures determined using different techniques.
Method Sequence/chimera/hybrid* Structure feature† RNA purine Reference
content (%)‡
CD poly[(ac)–(GT)] Close to A-RNA 50 [44]
poly[(AC)–(gu)] Between A-form and B-form 50 [44]
dR–rR Between A-form and B-form 0 [28]
rR–dR Close to A-form 100 [28]
NMR (caaaaag) A-RNA 86 [45]
(auguga) B-form 67 [46]
(gcaTGC)2 A-form 67 [47]
(cgcauuauaacg) RNA C3′-endo, DNA S domain (C2′-endo) 50 [17]
(caugugac) RNA C3′-endo, DNA O4′-endo 50 [3]
(ccauuauagc) RNA C3′-endo, DNA mixture of C3′-endo and C2′-endo 40 [22]
(GGagauGAC) Closer to A-form than B-form 75 [30]
(GGAGAugac) Closer to B-form than A-form 50 [30]
(gccaCTGC) RNA C3′-endo, DNA O4′-endo 50 [20]
(cccaAATGA) RNA C3′-endo, DNA O4′-endo 25 [19]
(gcgcaaaacgcg) RNA C3′-endo, DNA mixture of C3′-endo and C2′-endo 67 [48]
(gaagagaagc) Closer to A-form 90 [29]
(gcuucucuuc) Closer to B-form 10 [29]
X-ray fd§ poly(A)–poly(u) RNA C3′-endo, DNA C2′-endo 0 [11]
poly(I)–poly(c) RNA C3′-endo, DNA C2′-endo 0 [11]
poly(i)–poly(T) Similar to A-form 100 [11]
poly(a)–poly(T) A-form (<80 humidity); RNA C3′-endo, DNA C2′-endo (hydrated) 100 [10]
X-ray scs# (gcgTATACGC)2 A-form 67 [12]
(gcgTATACCC) A-form 67 [13]
(GCGTaTACGC)2 A-form 100 [14]
(gCGTATACGC)2 A-form 100 [14]
(CCGGCgCCGG)2 A-form 100 [15]
(IcICICIC)2–distamycin B-form
(IcIcICIC)2–distamycin B-form 0 [16]
(uucgggcgcc) RNA C3′-endo, DNA mixture of C2′-endo and C3′-endo 40 [23]
(gaagaagaa) A-form 100 This study
*If not indicated, the complementary strand is DNA; RNA is shown in lowercase letters. †Discussions are restricted to the hybrid portion of the
duplexes. ‡The RNA purine content for the hybrid portion. §X-ray fd, X-ray fiber diffraction studies. #X-ray scs, X-ray single crystal structure.
HIV-1 RNA genome. This stretch of bases has the
unique ability to resist RNase H digestion and serves as a
primer for the synthesis of plus-strand DNA.
We report here the crystal structure of a DNA–RNA
hybrid duplex containing a polypurine RNA strand. The
structural resemblance of the hybrid duplex to A-RNA
might suggest an explanation for its resistance to RNase H.
RNase H cleaves RNA strands in hybrid form, which
in general assume a conformation somewhere between
A-form and B-form in solution. In this conformation the
minor grove adopts an intermediate width. It has been
proposed that the minor groove width is a major substrate
discriminator for RNase H [3,18]. Manual docking of a
hybrid duplex and the RNase H molecule indicated that
the intermediate width of the minor groove was required
for the favorable interaction between the DNA strand
and the enzyme [3]. If the PPT hybrid mimics the struc-
ture of A-RNA, conformationally it makes it a less
suitable target for RNase H. The minor groove width
(9.4–10.1 Å) of the present structure is very close to that
of standard A-RNA. Thus, this wide minor groove could
make the PPT hybrid duplex impervious to RNase H
digestion. In addition, the highly conserved PPT sequence
might also have some effect on the hybrid conformation,
although mutational analysis indicates that it does not
affect the RNase H activity directly [7]. Furthermore, the
hybrid duplex could adopt a different conformation when
in complex with RNase H. To unravel the secrets of the
substrate discrimination of RNase H and reverse tran-
scriptase, one must await a detailed structure of the
enzyme–PPT hybrid complex.
Materials and methods
Synthesis, crystallization and data collection
The deoxyribooligonucleotide d(TTCTTCTTC) and its derivative
d(TTCTTBr5CTTC), were synthesized using an in-house automated
nucleic acid synthesizer (Applied Biosystems, model 381). The ribo-
oligonucleotide r(gaagaagaa) was synthesized on a similar in-house syn-
thesizer (model 391A) using phosphoramidite chemistry. The oligomers
were purified by ion-exchange chromatography and ethanol precipitation.
A 1:1 ratio of DNA:RNA was mixed at a single strand concentration of
2 mM, incubated at 363K for 10 min and subsequently cooled to room
temperature. The crystals were grown by the hanging-drop vapor diffu-
sion method using 1 mM hybrid (concentration of double strand),
0.5 mM cobalt hexamine, 5 mM spermine tetrachloride, 80 mM sodium
cacodylate buffer (pH 7.0) and 10% (v/v) methyl-2,4-pentanediol
(MPD), against 1 ml 40% MPD in the reservoir at room temperature.
The native sequence did not give any crystals but the bromo derivative
d(TTCTTBr5CTTC)–r(gaagaagaa) yielded good diffracting crystals. Data
were collected on a crystal measuring 0.3 × 0.3 × 0.2 mm3 using an in-
house Raxis IIc imaging-plate system equipped with a Rigaku rotating-
anode generator, with graphite monochromated CuKα radiation
(λ = 1.5418 Å). The crystal indexed in the hexagonal space group P61
with one duplex in the asymmetric unit. At room temperature the crystal
diffracted to only 3.0 Å and the cell parameters were a = b = 50.24 Å,
c = 47.58 Å. However, when cooled to –10°C there was a drastic
improvement in diffraction (1.64 Å), the unit-cell lengths shrank 4%
along the a and b axis (a = b = 48.08 Å) and 10% along the c axis
(c = 42.88 Å) with the same P61 space group. Therefore, data were col-
lected at –10°C and processed using the program DENZO [33]. Data
collection statistics are summarized in Table 4.
Structure solution and refinement
The structure was solved by molecular replacement methods using
the program package AMoRe [34]. Rotation-translation solutions were
obtained starting with two different search models, either using an all
RNA 9-mer (from the 14-mer RNA r[U(UA)6A] [35]) or using the only
known hybrid duplex [23]. Both the models gave an equivalent solution
for the placement of the molecules in the unit cell and refined equally
well. The correctness of the structure was confirmed by the bromine
peaks (about 10σ) in the very first Fo–Fc difference Fourier map. The trial
structure obtained from the hybrid duplex as search model was used for
the refinement using the program X-PLOR [36]. The DNA–RNA parame-
ter [37] file was used and no structure restraint was set. A subset of the
reflections (5%) were used for the calculation of R free [38]. A rigid-body
refinement of the initial solution brought the R factor to 39.6% and the
R free to 43.3% (from 48.6% and 51.2%, respectively) for data between
10–2.0 Å. A few cycles of refinement using Powell conjugate gradient
energy minimization dropped the R and R free values to 30.4% and
36.2%, respectively. Bases were subsequently corrected to conform to
the actual sequence and simulated annealing was performed by heating
the system to 3000K and slowly cooling to 293K in step sizes of 0.5 fs.
The R and R free values at this stage were 24.1% and 28.4%, respec-
tively. No electron density was found associated with the 5′-terminal
nucleoside T1 (see above discussion), hence the contribution of this
nucleoside was excluded in further refinement of the data between
10–1.8 Å. A total of 56 water molecules were located at densities
greater or equal to 3σ in the Fo–Fc map, which simultaneously satisfied
the 2σ Fo–Fc density map at 1σ. Subsequently, iterative cycles of conju-
gate gradient energy minimization and individual B-factor refinement
including water molecules followed by a round of torsion angle refine-
ment [39] gave a final R factor of 20.1% and an R free of 23.7% for
4687 unique reflections (F>2(F)) in the resolution range 10–1.8 Å. The
refinement statistics are summarized in Table 4.
Accession numbers
The coordinates and the structure factors have been deposited in the
Nucleic Acids Database [40] with accession code DR0003.
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Table 4
Crystal data and refinement statistics for the hybrid duplex. 
Crystal system Hexagonal
Space group P61
Cell parameters
a, b, c (Å) 48.08, 48.08, 42.88
γ (°) 120
Volume/base pair (Å3) 1590
Resolution (Å) 1.8
No. unique reflections (F≥2σ(F)) 4718
Data completeness (%) 88.9
Rsym (%) on intensity 6.9
No. reflections used (10–1.8 Å) 4687
R work (%) 20.1
R free (%) 23.7
Rms deviation from ideal geometry*
bond lengths (Å) 0.008
bond angles (°) 1.31
torsion angles (°) 7.67
improper angles (°) 1.73
*Calculated using the parameter file DNA–RNA.param.
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